Introduction
At the orbit of the Earth, the solar wind is almost always strongly super-Alfvénic and strongly superfast. On average, the Alfvén Mach number (M A ) is equal to 11 [see Schunk and Nagy, 2000] . However, on rare occasions the solar wind density is so low that the solar wind becomes sub-Alfvénic. For instance, long periods of sub-Alfvénic solar wind, just upstream of the Earth's magnetosphere were observed on 4 and 31 July 1979 , 11 May 1999 , 20 March 2002 , and 24 and 25 May 2002 [see Usmanov et al., 2005 Chané et al., 2012] . During these sub-Alfvénic solar wind intervals, the Earth's bow shock disappears, and two Alfvén wings are generated on both sides of the Earth. Inside these Alfvén wings, the velocity decreases and the magnetic field rotates. The wings are created by Alfvén waves generated by the interaction between the solar wind and the magnetosphere [see for example , Neubauer, 1980 , Neubauer, , 1998 Saur et al., 1999] . Even though Alfvén wings are not usually present for planets in our solar system (because M A is almost always larger than one), they are expected to occur at extrasolar planets [see Shkolnik et al., 2003; Saur et al., 2013] and they are observed at planetary satellites, which are embedded in the plasma of their parent planet's magnetosphere [see, for example, Neubauer, 1998; Kivelson et al., 2004] . It should also be noted that periods of sub-Alfvénic solar wind are expected to be more frequent at Mercury, where M A is typically lower than at Earth [Lavraud and Borovsky, 2008; Sarantos and Slavin, 2009] . The occurrence of sub-Alfvénic events in the solar wind at Earth has been studied by Usmanov et al. [2005] . After analyzing 40 years of data, they found only 11 events where the solar wind was sub-Alfvénic.
The observational aspects of the Alfvén wing event at Earth in May 2002 were studied in detail by Chané et al. [2012] . As can be seen in Figure 1 (first panel), during this event, the solar wind Alfvén Mach number was extremely low: below 1 for several periods lasting up to 4 h, and even reached a minimum value of 0.4. The low Alfvén Mach number was caused by a very low solar wind density (see second panel). The solar wind density (measured independently by four different spacecraft) was below 0.5 cm −3 for at least 40 h and was sometimes as low as 0.04 cm −3 . Figure 1 also shows that the solar wind plasma speed was not unusual during this low-density time period, with measured plasma speeds between 300 and 850 km/s. The interplanetary magnetic field was about 10 nT and did not display much fluctuation (see fourth to sixth panels).
The length of the wings was estimated to reach 600 R E by Chané et al. [2012] , and the deceleration of the solar wind plasma entering the wings was estimated to be about 30% in one wing and about 60% in the other. The Geotail spacecraft crossed one of the wings several times during this event. Discontinuities in Geotail's measurements were analyzed using the minimum variance analysis. The normals of these discontinuities were found to be perpendicular to the expected wing axis, thus confirming the presence of the wings.
Prior to Chané et al. [2012] , the magnetosphere-solar wind interaction for extremely tenuous incoming plasma conditions via multispacecraft observations was studied by Gosling et al. [1982a] . These authors investigated the magnetosphere configuration on 22 November 1979 when the solar wind density (observed by ISEE 3) was as low as 0.07 cm −3 , and the Alfvén Mach number as low as 0.6. During this time interval ISEE 2 was located in the magnetosheath on the dawnside. Surprisingly, according to Gosling et al. [1982a Gosling et al. [ , 1982b ISEE 2 data seem to be consistent with a shock being present between the 2 spacecraft: ISEE 2 measured a stronger magnetic field strength, a higher temperature, and a lower plasma speed than ISEE 3. Gosling et al. [1982a] therefore claim that the bow shock did not have sufficient time to dissipate or to move very far upstream. The November 1979 event might thus have been very different from the May 2002 event studied by Chané et al. [2012] where the bow shock was gone and where Alfvén wings were demonstrated to be present.
The source of the extremely low density periods in the solar wind remains unclear. Usmanov et al. [2005] have shown that the low density on May 1999 could have been caused by a coronal outflow suppression that might be due to a sudden change in the magnetic field of the Sun during the polar field reversal. We note that this is not a possible explanation for the 2002 events since (1) they occurred 2 years after the solar magnetic field reversal and since (2) the low-density region seems to rotate with the Sun and was observed at Earth in March, in May, and in July 2002.
In the present paper, we use global magnetohydrodynamical (MHD) simulations to study the global structure and dynamical evolution of the Earth's magnetosphere for the 24-25 May 2002. It should be noted that during this time period, the upstream conditions (Alfvén Mach number, sonic Mach number, plasma , etc.) were similar to conditions typically found upstream of Io, Europa, Ganymede, Callisto, and Titan [see Kivelson et al., 2004, Table 21 .2]. In the following section, we present the model used for the simulations. In section 3, the results of a simulation with a steady sub-Alfvénic solar wind are discussed. We compare the results of this simulation with the predictions made in Chané et al. [2012] . The transition from a super-Alfvénic to a sub-Alfvénic solar wind is studied with another simulation, which is presented in section 4. We show how the magnetotail, magnetopause, and open field lines are affected by this transition The importance of the orientation of the interplanetary magnetic field during sub-Alfvénic upstream conditions is studied in section 5. Finally, our conclusions are presented in section 6.
Global MHD Model
OpenGGCM is a global three-dimensional MHD model, which has been used extensively to simulate the interaction between the solar wind and the magnetosphere [see Raeder et al., 1995; Raeder, 2003; Raeder et al., 2006 Raeder et al., , 2008 . It solves the ideal MHD equations in semiconservative form on a nonequidistant mesh. Below a given altitude (2 R E in the simulations presented here) the model does not solve the MHD equations. Instead, in this so-called gap region, a dipole magnetic field is assumed, and the field-aligned electrical current is mapped from the inner boundary down to a sphere of radius 1 R E . On this sphere, the ionospheric potential equation:
is solved; where represents the ionospheric conductance tensor, Φ the ionospheric potential, j ∥ the mapped field-aligned electrical current, and I the inclination of the dipole field. After solving the potential equation, Φ is mapped up to the inner boundary, where it is used to specify the plasma velocity (v = −∇Φ × B∕B 2 ). This method, often referred as the infinitely thin ionosphere is broadly used for global simulations of the Earth's magnetosphere [e.g., Ridley et al., 2004; Zhang et al., 2011; Janhunen et al., 2012] .
OpenGGCM has been successfully applied to study many aspects of the magnetosphere, for instance, storms [e.g., Raeder et al., 2001a Raeder et al., , 2001b , substorms [e.g., Raeder et al., 2010; Ge et al., 2011] In the present study, we use a mesh with slightly more than 327 million cells (496 × 812 × 812). The dayside outer boundary is located 400 R E upstream of the Earth, while the five other outer boundaries are located 1000 R E from Earth (where outflow boundary conditions are applied). The smallest cells (i.e., close to the inner boundary) are approximately 0.4 R E wide. For simplicity the ionospheric Pedersen and Hall conductances are assumed to be constant and equal to 5 S.
Global Simulation With a Steady Sub-Alfvénic Inflow
For simulation 1, we consider a constant sub-Alfvénic (M A = 0.4) incoming solar wind, with a density n = 0.04 cm −3 , a velocity v x = −480 km/s, a thermal plasma pressure p = 0.29 pPa and a constant interplanetary magnetic field given by B = (−7.2, 7.3, 1.0) nT (GSE coordinate system), which correspond to a plasma of 0.007, to a sonic Mach number M of 5.6, and to a plasma temperature T of ∼260,000 K (we assume p = 2nkT, where k is the Boltzmann constant). These values were measured by ACE on 24 May 2002 at 23:00 UTC, i.e., during an extremely low density time period, as can be seen in Figure 1 (highlighted by the vertical dashed line). Figure 2 shows the magnetic field (field lines and X component of the field) and the plasma speed for this run, 7 h after the simulation was started. The two Alfvén wings can clearly be seen on the flank of the Earth in this figure, with an enhancement of B x in the dawn wing and a drop in the dusk wing, whereas the plasma speed drops in both wings. The orientation of the wings depends on the incoming solar wind plasma velocity and Alfvén velocity and is given by Neubauer, 1980] . For the solar wind values considered in this simulation, the wings should point to 21:52 LT and 07:23 LT, which is exactly reproduced in the simulation. The wings propagate with the velocity C ± A away from the Earth. Thus, after 30 min they should extend up to Y = ±222 R E . This is exactly what happens in the simulation (not shown here). The three-dimensional field line structure is not readily visible in Figure 2 , and these field lines are not constrained to the equatorial plane. For example, the field lines emanating from the northern ionosphere (displayed in red) extend northward at first and reach distances above the equatorial plane as large as 12 R E . These field lines form the dawn Alfvén wing, pointing slightly southward at large distances. When these field lines reach the border of Figure 2 (for Y = −120 R E ) they are between 5 R E and 21 R E south of the equatorial plane. The opposite happens with the field lines coming from the southern ionosphere (displayed in green): they extend southward at first (as low as 15 R E below the equatorial plane) and then bend northward to form the wing. When these field lines reach the border of the figure (X = −200 R E ) they are between 8 R E and 18 R E north of the equatorial plane.
The analytical models of Neubauer [1980] and Saur et al. [1999] predict that, for this simulation, B x should be −8.47 nT in the dusk wing and −4.65 nT in the dawn wing, because the field lines are partially rotated toward In Chané et al. [2012] , we found several time intervals when Geotail measured higher plasma speeds and a larger X component of the magnetic field than in the solar wind (see Figure 4 (bottom)), which is consistent with Geotail being outside the inner region of the Alfvén wing (the inner part of the Alfvén wing is the cylindrical region where the standing Alfvén waves generated in the ionosphere travel). In the inner wing the plasma would be expected to be decelerated and not accelerated. We therefore suggested in that paper that Geotail was possibly located just outside of the inner Alfvén wing, on the flank, because the plasma would be accelerated around the wings and because B x can be increased there [see Neubauer, 1980] . Such higher speeds and a larger X component of the magnetic field are indeed observed in simulation 1, where the plasma speed just outside of the dusk Alfvén wing is up to 300 km/s higher and B x is up to 2 nT larger than in the solar wind (as highlighted by the black arrows in Figure 3) .
A direct comparison between the simulation results and Geotail's data is of course not possible here, since we used constant solar wind conditions in the simulation. As a matter of fact, the Alfvén wing crossings observed by Geotail are not caused by the spacecraft moving through a static wing, but caused by the wing moving past an almost stationary spacecraft. Furthermore, the wings moved because the solar wind conditions were changing. It is therefore difficult to exactly pinpoint where the Alfvén wing crossings may have happened in Figure 3 . We provide a vertical and a horizontal cut through the simulated wing in Figure 4 (top) which mimic more or less how an Alfvén wing crossing would look like if the wing was moving horizontally or vertically. We show v x in red and B x in blue. The dark background shows the position of the inner Alfvén wing and the white background of the outer Alfvén wing. These cuts are compared with Geotail's data during Alfvén wing crossing (lower panel). Our results are in qualitative agreement with Geotail observations: inside the wing, B x is more negative and the plasma speed is lower than in the solar wind (the solar wind plasma speed is 480 km/s). In addition, there are locations where the plasma is faster than in the solar wind (top panel at the edge between the inner and the outer wing). For the inner Alfvén wing: B x is between −9 nT and −7 nT for Geotail's data, and these values are also observed in our simulations (where B x is as low as −10.3 nT); while the measured v x is about −300 km/s and such values are also present in the simulations (where the plasma speed can be as low as 30 km/s). However, we do not reproduce the outer Alfvén wing as well: in the simulations, the highest values for B x are −2.9 nT, while positive values were clearly measured by Geotail. It is not surprising that our simulation is not in perfect agreement with Geotail's observations, since we performed a steady state simulation with constant solar wind conditions: anything that is caused by variations in the solar wind cannot be reproduced in our simplified simulation.
In the literature, the Alfvén wings are often depicted in a plane containing the magnetic field vector, the velocity vector of the incoming flow and the central body: this is the plane of the two wings. In this plane, one can clearly see the deceleration of the plasma flow inside the wings, but cannot see its acceleration around the wings (which happens outside of the plane). Nevertheless, the acceleration of the plasma around the wings is real and has been described by theory, observations, and numerical simulations [e.g., Saur et al., 1999; Frank and Paterson, 2000; Schilling et al., 2008; Jia et al., 2009] . For instance, in the simulations of the Alfvén wings at Earth performed by Ridley [2007] , plasma speeds faster than in the solar wind cannot be seen because only the plane of the Alfvén wings is shown: nevertheless, these high speeds are most probably present in the simulations and are likely similar to our simulation as shown in Figure 3 .
While simulation 1 is useful at first to obtain a global insight of the magnetosphere during the 24 and 25 May 2002, and to compare the results with our predictions [Chané et al., 2012] , it excludes the transition from the super-Alfvénic to the sub-Alfvénic regime, when the bow shock disappears, and the Alfvén wings unfold.
Transition From a Super-Alfvénic to a Sub-Alfvénic Solar Wind
The second simulation addresses the transition that the magnetosphere undergoes when the solar wind becomes sub-Alfvénic. The transition to sub-Alfvénic interaction was also studied by Ridley [2007] but under very different conditions. In that study the sub-Alfvénic solar wind flow was caused by an extremely strong interplanetary magnetic field, which is different from the May 2002 case, where the sub-Alfvénic flow was caused by an unusually low solar wind density. We start the simulation with a solar wind number density of n = 5 cm −3 , a velocity of v x = −480 km/s, a temperature of T = 260, 000 K, and an interplanetary magnetic field of B = (−7.2, 7.3, 1.0) nT. These values correspond to a solar wind Alfvén Mach number of 4.8. These parameters are kept constant for the first 2 h of the run. After that, the solar wind density linearly decreases for 1 h to a value of 0.04 cm −3 , which corresponds to a solar wind Alfvén Mach number of 0.4. Subsequently, the solar wind is kept constant for the remainder of the simulation. For simplicity, we chose a linear transition as opposed to something more closely representative of the May 2002 case in Figure 1 . The study of the full 3-D development of a larger environment of the Earth on a large-scale involving solar wind dynamics is outside the scope of this work.
An animation showing B x and selected magnetic field lines in the equatorial plane for simulation 2 is included in the supporting information of this paper. Solar wind field lines are displayed in blue, open field lines that connect to the Northern (Southern) Hemisphere in red (green), and closed field lines in gray. One can see how the bow shock starts to move sunward around 3 h 10 min, when the low-density solar wind reaches the magnetosphere. Table 1 shows how the position of the bow shock varies with time. The shock moves rapidly away from the Earth and in tens of minutes already reaches speeds of more than 600 km/s. While moving away, the shock becomes weaker because (1) of the nature of the fast waves that propagate in every direction, and since (2) the numerical mesh is coarser far away from the Earth, which causes numerical dissipation and broadening of the shock (the cells' sizes rapidly increase around 60 R E : Δx = 0.8 R E at 75 R E , Δx = 1.6 R E at 85 R E , Δx = 5 R E at 100 R E , and Δx = 9 R E at 200 R E ). Since the shock fades away when it moves outward, it becomes very hard to pinpoint its exact location beyond 100 R E . Nevertheless, we see that it propagates up to the outer boundary at 400 R E and that it bounces back in the direction of the Earth at 4 h 5 min. But at that point, the shock is so weak that it is almost impossible to detect and, as a result, does not affect our solution. The issue of waves reflecting at the boundaries for Alfvén wing simulations was discussed in detail by Ridley [2007] . He proposed the following so that the waves' reflection at the boundaries would not affect the simulation: (1) move the boundary far away, (2) run the simulation only for small periods of time, or (3) modify the boundary conditions to absorb backward propagating waves. His first and second propositions have the same effect: the waves generated in the ionosphere have no time to reach the boundary and to come back in the region of interest. The mesh we use in our simulations is chosen to avoid reflection of waves at the boundaries that could affect the results: (1) the outer boundaries are far from the Earth and it takes therefore a very long time for the waves to reach them and (2) the mesh is very coarse close to the outer boundary and, as a result, the waves are damped.
The movie shows how, for the dawn Alfvén wing, the solar wind field lines reconnect with either closed field lines or field lines from the magnetotail to form the dawn Alfvén wing. This can clearly be seen at 3 h 53 min 20 s, 3 h 54 min, 4 h 2 min 20 s, 4 h 23 min, and 4 h 47 min 40 s. On the other hand, field lines from the dusk Alfvén wing are mostly, field lines from the magnetotail that slowly move to the dusk Alfvén wing; this is because, in this simulation, the magnetotail and the dusk Alfvén wing are relatively close to each other. This animation also shows how stable the Alfvén wing magnetic field lines are in the simulation once the wing has fully developed (after 4 h 40 min): this indicates that in our simulations the plasma speed inside the wing becomes very low. During the last hour of this animation, one can see that the field lines plotted in the dawn Alfvén wings are only slightly displaced tailward (between 3.8 R E and 16 R E ). Figure 5 shows the magnetic field configuration of the magnetosphere for simulation 2 after 3.0 h (left column), just before the sub-Alfvénic solar wind reaches the magnetosphere, and after 5.5 h, when the flow has become sub-Alfvénic at Earth (right column). where located around 13 R E when the solar wind was super-Alfvénic, they extend to approximately 20 R E when the solar wind becomes sub-Alfvénic. Thus, the closed magnetic field line region is more symmetric when the solar wind is sub-Alfvénic. This is consistent with the conclusions from Le et al. [2000] , who claim that the magnetosphere is much more dipolar than usual when embedded in a low-density solar wind. Their conclusions are based on measurements from the Polar spacecraft during the 11 May 1999 event (usually referred to as "the day the solar wind almost disappeared"). As the solar wind ram pressure strongly decreases, the solar wind magnetic pressure plays a more important role. While the solar wind ram pressure tends to decrease the size of the magnetosphere on the dayside and to increase it on the nightside, the solar wind magnetic pressure decreases its size on both the dayside and the nightside (note that the magnetic forces only act in the direction perpendicular to the magnetic field, this may flatten the magnetosphere, see Sibeck et al., 1986) . Figure 5 also shows how the lobes disappear when the solar wind becomes sub-Alfvénic, and how they are replaced by the Alfvén wings. The same effect was shown by Ridley [2007] , for example, in Figure 7 of that paper. In that simulation, the lobes are also progressively transformed into Alfvén wings when the Alfvén Mach number decreases. However, in the Ridley simulation, the interplanetary magnetic field lies in the noon-midnight equatorial plane. Thus, in that simulation it appears that the lobes merely fan out and the plasma sheet disappears. Since our simulation also includes an east-west interplanetary magnetic field component, the Alfvén wings are also bent into the dawn and dusk directions, respectively.
In Figure 5 (bottom right), some of the field lines emanating from the southern ionosphere are not exactly pointing in the direction of the dusk wing. This is a transient phenomenon. These field lines are still moving from the lobe into the wing; 150 min later all open field lines point exactly in the direction of wings. Figure 5 shows how drastically the magnetic field pattern changed in only 2.5 h, but one should keep in mind that this pattern is still (slowly) changing for 150 min (meaning that it took 5 h to the magnetosphere to fully adjust to the new solar wind conditions). Figure 6 (left column) shows how the field-aligned currents in the ionosphere change as the solar wind becomes sub-Alfvénic in simulation 2. First, the magnitude of the strongest field-aligned currents decreases by about 45%. We also integrated the upward electrical current at the inner boundary for both hemispheres and found that it decreased from 6.5 MA when the solar wind was super-Alfvénic to 3 MA when it is sub-Alfvénic. Second, the field-aligned current pattern changes. During super-Alfvénic flow, the pattern is the well-known region-1/2 pattern that is expected when the interplanetary magnetic field is duskward as in this simulation. In particular, the strongest field-aligned current is an upward current right under the cusp. Since the interplanetary magnetic field is slightly northward, there is no substorm activity, and the nightside field-aligned current is weak. The field-aligned current pattern changes significantly when the solar wind flow turns sub-Alfvénic. The cusp currents disappear, and instead the strongest field-aligned current is an upward current that should connect to the dawnward Alfvén wing. The weak field-aligned currents in this simulation are consistent with the disappearance of auroral activity during this event as reported by Chané et al. [2012] .
One should keep in mind that, in our simulation, the transition from super-Alfvénic to sub-Alfvénic solar wind conditions was obtained by decreasing the solar wind density (since this is what happened during the May 2002 event) while the interplanetary magnetic field was kept constant. The ionospheric current would be different if the sub-Alfvénic conditions would have been caused by a strong interplanetary magnetic field. This can be seen in Ridley [2007] where the field-aligned currents increase by a factor of 3 when the solar wind becomes sub-Alfvénic. In these simulations the strength of the interplanetary magnetic field was multiplied by 20 to obtain the sub-Alfvénic incoming flow. So the weak ionospheric currents in the May 2002 event are primarily caused by the decrease of the solar wind density. In contrast, Le et al. [2000] , after analyzing the data from the Polar spacecraft in May 1999, concluded that the field-aligned currents are almost not affected by the solar wind dynamic pressure.
Importance of the Orientation of the Interplanetary Magnetic Field
At the end of simulation 2, the field-aligned currents in the ionosphere are weak, indicating that the reconnection rate at the dayside magnetopause is low. However, since the interplanetary magnetic field is directed northward in this simulation, this reconnection rate is expected to be low and we cannot be certain that this is caused by the sub-Alfvénic solar wind. We therefore performed a third simulation, which is the same as simulation 2, except for the sign of B z in the solar wind: B = (−7.2, 7.3, −1.0) nT.
While the results of simulations 2 and 3 are significantly different at first (when the solar wind is still super-Alfvénic), they become very similar once the solar wind is sub-Alfvénic. For instance, 3 h after the beginning of the simulations (before the sub-Alfvénic flow reaches the Earth's magnetosphere), the magnetotail is 50% shorter in simulation 3 than in simulation 2 (not shown here). As can be seen in Figure 6 , during the first part of the simulations, for both runs, the field-aligned currents in the ionosphere display the well-known region-1/2 pattern (because the interplanetary magnetic field is duskward); however, the field-aligned current patterns are not identical for both runs, and the currents are slightly stronger on the nightside for simulation 3, which is expected for a southward interplanetary magnetic field and is caused by substorm activity. Once the solar wind becomes sub-Alfvénic, the field lines configurations are almost identical for both simulations. The only difference is that whereas the dawn and dusk Alfvén wings point slightly northward and southward respectively in simulation 3, they point slightly southward and northward respectively in simulation 2 (which is expected when one switches B z in the interplanetary magnetic field). For both simulations, the ionospheric field-aligned currents are similar and are very weak in comparison with values during usual solar wind conditions. The nightside downward currents are about 30% weaker for simulation 2, which indicates that the reconnection rate in the tail is higher (although still very weak) in simulation 3.
For very low Alfvén Mach number and strong reconnection, the theoretical expectation for the difference in the total Alfvén wing current between simulations 2 and 3 is approximately 5%. This difference is calculated with the expressions in Figure 7 in Saur et al. [2013] and the currents for an elliptically shaped wing in Saur [2004] . The change in total Alfvén wing current is small because the change in orientation of the interplanetary magnetic field is only about 10 ∘ between simulation 2 and 3. The weak change in the orientation of the external field only weakly modifies the geometry of the Alfvén wings, which is very similar to the results of our simulations.
Discussions and Conclusions
In this article, we presented the results of three global MHD simulations of the Earth's magnetosphere embedded in a sub-Alfvénic solar wind, similar to the 24 and 25 May 2002 event. We find that 1. The simulations are in good qualitative agreement with the observations and theoretical predictions. In particular, the orientation of the wings agrees very well with theory Neubauer [1980] . In places where data were available from the Geotail observations [Chané et al., 2012] , e.g., the magnetic field within the Alfvén wing, there is also good quantitative agreement. 2. We also find a region of higher plasma speed and larger B x just outside of the wings, which is in agreement with the interpretation of the observations made by Chané et al. [2012] . 3. The simulation shows that the magnetic field topology changes profoundly when the solar wind becomes sub-Alfvénic. The tail lobes disappear and turn into Alfvén wings. The wings are not aligned antisunward, as the lobes are, but their orientation is given by the interplanetary magnetic field and by the solar wind velocity and density. For the particular event selected here, the wings point to 21:52 LT and 07:23 LT.
4. Because the ratio between the solar wind ram pressure and magnetic pressure decreases as the square of the Alfvén Mach number, the shape of the magnetosphere is primarily determined by the magnetic pressure of the interplanetary magnetic field rather than the ram pressure. Thus, the magnetosphere expands on the dayside and contracts on the nightside. Although in the case considered here the low Mach number was caused by low density, this effect should occur regardless of what causes the low Mach number, e.g., low solar wind density, strong interplanetary magnetic field, low solar wind speed, or a combination thereof. Because the magnetic Lorentz force acts perpendicular to the magnetic field and is null parallel to the magnetic field, the magnetosphere may also become flattened in the direction perpendicular to the magnetic field. This has been observed in the distant magnetotail Sibeck et al. [1986] , where less magnetic pressure is required to have such an effect [see also Lavraud et al., 2007 Lavraud et al., , 2013 . 5. The magnetosphere becomes geomagnetically quiet during the sub-Alfvénic solar wind interval. Because geomagnetic activity is primarily driven by magnetic reconnection at the dayside magnetopause, this implies that reconnection has ceased, or at least has diminished to the point where it plays no significant role any more. However, this statement should not be generalized, because in the cases considered here, the interplanetary magnetic field had a northward B z component for simulation 2 or a weak southward B z for simulation 3. Geomagnetic activity may or may not be stronger if the interplanetary magnetic field had a stronger southward component.
It should be noted that the results obtained in the present article are for an extremely tenuous solar wind (0.04 cm −3 ), resulting in a very low Alfvén Mach number (0.4). Even though such a low density was measured by ACE on 24 May 2002 at 23:00 UTC, one should keep in mind that this was the lowest Alfvén Mach number measured during this event. Nevertheless, long periods of sub-Alfvénic solar wind with a somewhat larger Alfvén Mach number (as were also measured during this event) should produce qualitatively similar results. For instance, for values of M A above 0.4, the magnetotail might not shrink as strongly and the wing would not point in the exact same direction, but, there would be no bow shock (as long as the incoming flow is subfast), and Alfvén wings would form, affecting the plasma and field that flow through them and close to them. It is also important to remember that the solar wind conditions are never as steady as the one used in these two simulations. Due to variations in the solar wind density, velocity, and magnetic field, the wings would never be as straight as they appear in Figures 2 and 5.
Finally, it remains an open question how reconnection might affect the structure of Alfvén wings. Determining the reconnection topology in gridded data from three-dimensional simulations is notoriously difficult [Raeder and Germaschewski, 2012] and will be deferred to future study. Unfortunately, such low Alfvén Mach number events rarely occur in the solar wind. Thus, global simulations will remain the primary tool to study Alfvén wings at Earth.
